In mammalian testes, the blood-testis barrier (BTB) or Sertoli cell barrier created by specialized junctions between Sertoli cells near the basement membrane confers an immunological barrier by sequestering the events of meiotic division and postmeiotic germ cell development from the systemic circulation. The BTB is constituted by coexisting tight junctions (TJs), basal ectoplasmic specializations, desmosomes, and gap junctions. Despite being one of the tightest blood-tissue barriers, the BTB has to restructure cyclically during spermatogenesis. A recent study showed that gap junction protein connexin 43 (Cx43) and desmosome protein plakophilin-2 are working synergistically to modulate the BTB integrity by regulating the distribution of TJ-associated proteins at the Sertoli-Sertoli cell interface. However, the precise role of Cx43 in regulating the cyclical restructuring of junctions remains obscure. In this report, the calcium switch and the bisphenol A (BPA) models were used to induce junction restructuring in primary cultures of Sertoli cells isolated from rat testes that formed a TJ-permeability barrier that mimicked the BTB in vivo. The removal of calcium by EGTA perturbed the Sertoli cell tight junction barrier, but calcium repletion allowed the "resealing" of the disrupted barrier. However, a knockdown of Cx43 in Sertoli cells by RNAi significantly reduced the kinetics of TJ-barrier resealing. These observations were confirmed using the bisphenol A model in which the knockdown of Cx43 by RNAi also perturbed the TJ-barrier reassembly following BPA removal. In summary, Cx43 is crucial for TJ reassembly at the BTB during its cyclic restructuring throughout the seminiferous epithelial cycle of spermatogenesis.
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bisphenol A | calcium switch | gap junction | seminiferous epithelial cycle | spermatogenesis I n mammalian testes, the blood-testis barrier (BTB) segregates the epithelium of seminiferous tubules into apical and basal compartments (1, 2) . Unlike other blood-tissue barriers (e.g., blood-brain barrier, blood-retina barrier) that are constituted by tight junctions (TJs) between endothelial cells of the microvessels at the apical region, the BTB is created by adjacent Sertoli cells in the seminiferous epithelium near the basement membrane. The BTB is constituted by coexisting TJs, basal ectoplasmic specialization (basal ES, a testis-specific adherens junction type), desmosome-like junction (or desmosome-gap junction), and gap junction (GJ) (1) (2) (3) . Whereas the BTB is one of the tightest blood-tissue barriers, it undergoes cyclical restructuring to accommodate the transit of preleptotene spermatocytes from the basal to the apical compartment during spermatogenesis, so that meiotic divisions and postmeiotic germ cell development (i.e., spermiogenesis) can take place in the apical compartment of the seminiferous epithelium behind this immunological barrier. The immunological barrier conferred by the BTB cannot be compromised, even transiently, during the transit of preleptotene spermatocytes to avoid the production of anti-sperm antibodies and to maintain the immune privilege status of the testis (1) . Recent studies suggest that this can be accomplished by first assembling "new" TJ fibrils behind the transiting preleptotene spermatocytes, likely induced by testosterone before the disruption of TJ fibrils above the spermatocytes regulated by cytokines, such as TGF-β3 and TNFα (2) . However, the mechanism(s) that coordinate these events of junction assembly and disassembly at the BTB remain obscure.
GJ is known to facilitate intercellular communication via GJ channels (connexons coupled between two cells) or communication with the extracellular space via hemichannels (uncoupled connexons) and participate in the regulation of various physiological processes, such as differentiation and apoptosis (4, 5) . GJ at the BTB was speculated to be crucial to regulate the cyclic restructuring of BTB during spermatogenesis (6) . An earlier study showed that connexin 43 (Cx43), a predominant GJ protein in the testis (5), is not necessary for the maintenance of the BTB integrity. A knockdown of Cx43 alone by RNAi using specific Cx43 siRNA duplexes in a Sertoli cell epithelium with an established TJpermeability barrier did not affect the barrier integrity unless with a knockdown of both Cx43 and desmosomal protein plakophilin-2 (7). However, it is unknown if Cx43 is involved in regulating the homeostasis of BTB, such as junction restructuring during the transit of preleptotene spermatocytes across the immunological barrier. In the present study, we examined the involvement of Cx43 in the reassembly of the Sertoli cell TJ barrier by using two different models, namely the calcium switch model (8) and the bisphenol A (BPA) model (9) . These findings report the critical role of Cx43-based GJ in the homeostasis of the BTB during spermatogenesis.
Results
Cx43 Is Crucial for the Reassembly of the Disrupted Sertoli Cell TJPermeability Barrier: A Study Using the Calcium Switch Model. The calcium switch model was used to study the role of Cx43 in the homeostasis of BTB, in particular its involvement in junction reassembly at the BTB. An in vitro system using primary Sertoli cells was used for this study because the Sertoli cell epithelium in vitro could establish a functional TJ-permeability barrier that mimics the BTB in vivo, including the ultrastructural features of TJ, basal ES, and desmosome (10) . Analogous to MDCK cells, a depletion or replenishment of [Ca 2+ ] in the spent media of the bicameral units or dishes with an intact Sertoli cell epithelium induced rapid disassembly or reassembly of the Sertoli cell TJ-permeability barrier (Fig.  1) . [Ca 2+ ] depletion using 4 mM EGTA led to a rapid decline in the Sertoli cell TJ-permeability barrier (Fig. 1A) . This was concomitant with a redistribution of junction proteins, moving away from the cell-cell interface to cell cytosol, including TJ proteins occludin and ZO-1 (Fig. 1B) , basal ES protein N-cadherin and β-catenin ( Fig. 1C) , Cx43 (Fig. 1D) , and desmosome protein plakophilin-2 ( Fig. S1A ) as demonstrated by dual-labeled immunofluorescence analysis using the corresponding specific antibodies (Table S1 ).
Upon removal of the calcium chelator and replenishing [Ca 2+ ] in the media (calcium repletion), reassembly of junctions was demonstrated by the increase in the transepithelial electrical resistance (TER) across the cell epithelium (Fig. 1A) and relocalization of junction proteins back to the cell surface ( Fig. 1 B-D) . During calcium depletion, changes in protein levels of occludin, ZO-1, and plakophilin-2 were insignificant except for Cx43 (Fig. S1B ).
Cells transfected with Cx43 siRNA duplexes showed a specific knockdown of Cx43 level by ∼50% whereas other BTB proteins including occludin, CAR, N-cadherin, and ZO-1 remained unchanged ( Fig. 2A) . When calcium switch was performed on Sertoli cells transfected with nontargeting control or Cx43-specific siRNA duplexes, a difference in junction reassembly was observed between these two groups during the calcium repletion period (Fig. 2B ). Sertoli cells with a knockdown of Cx43 showed a significant delay in TJ-permeability barrier reassembly during calcium repletion when compared with cells transfected with nontargeting control siRNA duplexes. Immunofluorescence studies also indicated a reduction of 35-55% of occludin, ZO-1, and N-cadherin at the cell surface during calcium repletion in cells with a knockdown of Cx43 (Fig. 2 C and D) as a result of changes in protein redistribution even though the steady-state levels of these marker proteins showed no significant differences (Fig. S1C) .
BPA Induces Reversible Disruption of the Sertoli Cell TJ-Permeability
Barrier. A previous report from our laboratory demonstrated that BPA causes a transient disruption of the Sertoli cell TJ-permeability barrier (9), similar to the result shown in Fig. 3A . However, it is not known if BTB-associated proteins recover in parallel to the "resealing" of the disrupted TJ barrier. Changes in the steady-state levels of junction proteins at the BTB were thus assessed at 0, 8, and 24 h following removal of the BPA during the TJ-barrier resealing and compared with controls (Fig. 3) . The regimen for this experiment is illustrated in Fig. 3B . Cells were incubated with 200 μM BPA for 24 h to induce junction disruption. Thereafter, cells were washed to remove BPA, which was designated as time 0, and then incubated in fresh F12/DMEM to allow for junction reassembly. Cell cultures were terminated at 0, 8, and 24 h to assess changes in protein levels. At 0 h after removal of BPA, the disruptive effects on the Sertoli cell TJ barrier were assessed. There was a decline in junction integrity (Fig. 3A) and protein levels of various markers associated with TJ (occludin and JAM-A), basal ES (N-cadherin, α-catenin, and β-catenin) and desmosome-gap junction (desmoglein-2), except CAR and plakophilin-2 ( Fig. 3 C and D) . By 8 h after removal of BPA, the TJ-barrier integrity had rebounded, making it similar to the vehicle control group (Fig. 3A) . The levels of many BTB proteins (e.g., JAM-A, N-cadherin, and desmoglein-2) were recovering ( Fig. 3 C and D) . At 24 h, most junction protein levels (e.g., JAM-A, N-cadherin, desmoglein-2, and β-catenin) had recovered ( Fig. 3 C and D) .
These findings were supported by fluorescence staining of selected BTB-associated proteins in the Sertoli cell epithelium (Fig.  4 and Fig. S1A ). Occludin, ZO-1 (Fig. 4A) , N-cadherin, β-catenin (Fig. 4B) , α-catenin (Fig. 4C) , Cx43 (Fig. 4D) , and plakophilin-2 ( Fig. S1A) were detected at the cell-cell interface in the vehicle control group. After 24 h treatment in BPA, considerably fewer proteins were detected at the cell-cell interface. When cells were incubated in normal medium for 24 h, these junction proteins became relocalized back to the cell surface, illustrating a recovery from BPA-induced junction disruption. Whereas the steady-state level of occludin in the Sertoli cell epithelium failed to rebound to the control level after the removal of BPA (Fig. 3 C and D) , the majority of occludin relocated back to the cell-cell interface following BPA removal (Fig. 4A) .
BPA treatment for 24 h was shown to cause a drastic decline in the steady-state levels of Cx43 and its phosphorylated inhibitory form at Ser 368 (time 0 column, Fig. 5 ). After 1-2 h BPA treatment, gap junction communication in Sertoli cells was significantly reduced as shown in a dye transfer assay (Fig. 6) . At 8 h and 24 h after removal of BPA, a recovery of Cx43 p-Ser 368 , but not Cx43, was noted (Fig. 5) . Cx26 level on the other hand was not affected by BPA treatment but a decline in its level was detected at 24 h after BPA removal. This result illustrates differential responses of connexins toward BPA treatment and likely suggests the differential roles of connexins in the regulation of junction restructuring at the BTB. In addition, the ERK signaling pathway was induced during BPA treatment but the pERK1/2 level quickly returned to its basal level by 8 and 24 h after BPA removal. These results suggest that the ERK signaling pathway probably participated in the junction disruption induced by BPA but not the junction reassembly after BPA removal. The densitometry results are summarized in D. The BPA-treated group from each time point was normalized and compared against the V Ctrl group of the corresponding time point. Protein levels of the BPA-treated group were also compared at different times after BPA removal to assess the degree of recovery. At 0 h after BPA removal, the disruptive effect of BPA on junction protein level was observed for integral membrane proteins of TJ (occludin and JAM-A), basal ES (N-cadherin) and desmosome-like junction (desmoglein-2), and basal ES adaptors (α-and β-catenins). Junction proteins, including JAM-A, N-cadherin, desmoglein-2, and β-catenin, show a significant rebound from the lowered protein level after BPA removal. These data thus illustrate the reversible effect of BPA on junction integrity and junction protein levels. *P < 0.05; **P < 0.01; statistical difference from the V Ctrl group was tested using ANOVA analysis with a posthoc Tukey/Kramer test.
A Knockdown of Cx43 by RNAi Disrupts the Sertoli Cell TJ-Permeability
Barrier Recovery After Removal of BPA. After ∼1.5 d of transfection of Sertoli cells with either nontargeting control or Cx43 siRNA duplexes, cells were treated with 200 μM BPA for 24 h to induce junction restructuring. After BPA removal, the Sertoli cell TJ barrier began to reseal in both groups transfected with control or Cx43 siRNA duplexes, but a slower rate of recovery was detected in the latter group (Fig. 7A) . The findings reported in Fig. 7A were confirmed in immunofluorescence studies shown in Fig. 7 B and C. It was noted that proteins at the Sertoli-Sertoli cell interface, including occludin, N-cadherin, ZO-1, α-catenin, and β-catenin, relocalized back to the cell surface after 24 h of BPA removal in the control silencing group. However, cells with a knockdown of Cx43 displayed a reduced relocalization of these junction proteins to the cell-cell interface by ∼50-60% (Fig. 7 B and C) , with protein levels of these proteins showing no significant differences from the control group (Fig. S1D) . These data thus illustrate that a knockdown of Cx43 would impair the reassembly of a disrupted TJ barrier in the Sertoli cell epithelium induced by BPA, consistent with findings using the calcium switch model.
Discussion
Cx43 is one of the best studied GJ proteins in the testis (5). It is mostly localized at the BTB and was suggested to modulate BTB dynamics during spermatogenesis (11, 12) . A recent report from our laboratory showed that Cx43 alone is not necessary for the maintenance of the BTB integrity (7) because its knockdown by RNAi failed to perturb the Sertoli cell TJ-permeability barrier. However, a simultaneous knockdown of Cx43 and plakophilin-2 by RNAi would perturb the Sertoli cell TJ-barrier function (7), illustrating Cx43 and plakophilin-2 as a functional complex to maintain the integrity of the BTB. Herein, Cx43 was shown to be critical for TJ reassembly at the Sertoli cell BTB after its disruption induced by either calcium depletion using divalent ion chelator EGTA or exposure of the Sertoli cell epithelium to BPA.
Using the calcium switch model, it was shown that a knockdown of Cx43 in Sertoli cells disrupted the junction recovery process during calcium repletion. Cx43 has been shown to mediate calcium signaling by directly transporting the calcium ion across connexons (coupled as gap junction channels or uncoupled as hemichannels) (13) (14) (15) . Blockage of Cx43 channels and hemichannels with Cx43-specific antibodies or mimetic peptides resulted in a decline in the propagation of the calcium wave (13, 14, 16) . Also Cx43 was shown to interact with calmodulin, a calcium binding protein and an important modulator in the calcium signaling pathway (17) . Hence the above observations may be attributed to the ability of calcium transduction between Sertoli cells mediated by Cx43. The decline of Cx43 after its knockdown by RNAi may reduce the ability of the disrupted Sertoli cell TJ barrier to reassemble because calcium trafficking across the Cx43-based GJ channels was interrupted.
To further validate the involvement of Cx43 in junction reassembly at the Sertoli cell BTB, we used another model to induce junction restructuring. The findings in the Sertoli cell TJ-barrier recovery after BPA-induced disruption were consistent with results of the calcium switch model. The knockdown of Cx43 in Sertoli cells by RNAi also significantly delayed the resealing/ reassembly after the BPA-induced TJ-barrier disruption. In short, the knockdown of Cx43 hinders the rate of junction reassembly as demonstrated in both study models. However, it is of interest to note that the TER readings in both calcium switch and BPAtreated groups transfected with nontargeting control and Cx43 siRNA displayed no statistical difference by 2.5 or 24 h, respectively, after junction reassembly began. This result thus suggests that the role of Cx43 in junction reassembly at the BTB could show a drastic reduction in protein levels after 24 h BPA treatment but only pCx43-Ser 368 shows a significant recovery from the reduction at 8 h after BPA removal (B). The protein level of Cx26 remains unchanged by BPA treatment. Its level was lowered at 24 h after BPA removal when other junction proteins recover, displaying the differential effect of BPA on connexins expressed by Sertoli cells. The ERK signaling pathway was induced during BPA treatment but quickly went back to its normal level after BPA removal. Representative immunoblots are shown in A, where n = 3-4. The densitometry of the junction proteins is analyzed and summarized in B. *P < 0.05; **P < 0.01; statistical difference from the Ctrl group was tested using ANOVA analysis with a posthoc Tukey/Kramer test.
be compensated perhaps by other connexins or the remaining Cx43 still present in Sertoli cells. Nonetheless, these findings illustrate that Cx43 is crucial to elicit proper junction reassembly during BTB restructuring throughout spermatogenesis such as at stage VIII-IX of the epithelial cycle.
These findings are also supported by the phenotypes observed in mice and humans with lower levels of Cx43. Adult Sertoli cellspecific Cx43 knockout (SC-Cx43 KO) mice displayed spermatogenic arrest at the spermatogonial level (18, 19) . Sertoli cells were found to undergo mitotic proliferation without differentiation and sloughing of Sertoli cell clusters can be found at the lumen of the seminiferous tubule (18) . In humans, testes with Sertoli cell only syndrome or spermatogenic arrest at the spermatogonial level in infertile men were also correlated with lower levels of Cx43 in seminiferous tubules (20, 21) . Adult male rats with neonatal exposure to BPA had a lowered level of Cx43 and a smaller litter size, reduced sperm count, and poor sperm motility despite an increase in localization of immunoreactive N-cadherin and ZO-1 near the BTB region (22) . Because maturation of spermatogenesis requires the establishment of BTB along with differentiation of Sertoli cells, normal spermatogenesis cannot take place in the absence of a functional BTB. A malfunctioning BTB thus leads to infertility or reduced fertility in rodents and humans (18, (20) (21) (22) . This postulate is further supported by the findings in claudin-11 −/− mice (claudin-11 is an integral membrane protein at the BTB) wherein Sertoli cells in claudin-11 −/− mice are similarly found to be proliferating and sloughed off into the lumen (23) . Despite the expression of other TJ proteins being unaffected or even elevated, Sertoli cells in claudin-11 −/− mice failed to differentiate and establish TJ strands (23, 24) , leading to a disrupted BTB. According to the positive role of Cx43 in BTB reassembly during BTB restructuring as shown in this study, the loss of Cx43 in SC-Cx43 KO mice may lead to a malfunctioned BTB and hence disruption of spermatogenesis.
The assembly of the adherens junction (AJ) and the GJ in different epithelia was shown to be interdependent (25) . The formation of both the AJ and the GJ can be blocked with the use of antibodies against either N-cadherin or Cx43 (26) , and Cx43 can be transported directly to existing AJ sites through microtubules (27) . Cx43 has also been reported to promote endothelial attachment of leukocytes induced by cytokines or tumor cells during metastasis when it was overexpressed (28) (29) (30) . These reports thus illustrate an intimate functional relationship between AJ and GJ. It is hence not surprising that the reassembly of basal ES was impaired in Sertoli cells with a knockdown of Cx43. However, the involvement of Cx43 in TJ assembly or reassembly is less clear in these earlier studies. We provide herein a demonstration that Cx43 regulates BTB dynamics via its effects on the reassembly of TJs apart from basal ES at the BTB.
It is of interest to note that the GJ also works in conjunction with the desmosome during spermatogenesis to provide the necessary crosstalk between various junction types at the BTB. A recent study showed that apart from TJs and basal ES, the desmosome is crucial to maintain the integrity of the Sertoli cell TJ-barrier at the BTB (31) . A simultaneous knockdown of desmosome integral membrane proteins desmoglein-2 and desmocollin-2 by RNAi disrupted the Sertoli cell-permeability barrier and affected protein distribution of ZO-1 and CAR at the Sertoli-Sertoli cell interface (31) . Furthermore, as discussed above, simultaneous knockdown of Cx43 and plakophilin-2 (a desmosome protein) perturbed the TJ-permeability barrier (7) . These earlier findings and the results reported herein thus suggest that Cx43 may be responsible for the necessary crosstalk between different junction complexes to maintain their adhesive function and to coordinate different junctions to maintain the immunological barrier integrity during the transit of preleptotene spermatocytes at the BTB (see SI Discussion for additional discussion). when an intact cell epithelium was established (7) . After a 24-h incubation with the transfection mixture, cells were rinsed in culture medium and replenished with fresh DMEM/F12 with growth factors. In selected experiments where Sertoli cells were plated on bicameral units, the TJ barrier across the cell epithelium was monitored by TER.
Materials and Methods
Calcium Switch. Calcium switch was performed as described (8) . Table S1 .
